Objective: The purpose of this study was to determine the knee and ankle joint kinematics and kinetics by comparing downhill walking with valley-shape combined slope walking.
INTRODUCTION
As a part of recent efforts to enjoy a higher quality of life, interest in health has been growing, and so has the time that is invested in leisure and recreation. In particular, one of Korea's geographical merits is the large number of mountainous regions, which has made mountain hiking a popular leisure activity, with 4.62 million people known to participate in mountain hiking each year (Korea Forest Service [KFS], 2007) . Because a gait during mountain hiking takes place on various slopes, more muscles are utilized than in flat walking (Lay, Hass, Richard Nichols, & Gregor, 2007) , so it helps to strengthen muscles. However, in a survey of mountain hikers conducted by Boulware, Forgey, and Martin (2003) to ascertain the extent of injuries that can occur during outdoor activities, 36% of subjects reported acute joint pain, and 24% had experienced muscle or ankle sprains. A previous study reported that the anterior forces on the knee joint are larger when walking downhill compared with flat walking, resulting in a greater load on the anterior cruciate ligament (Kuster, Sakurai, & Wood, 1995) . Moreover, musculoskeletal injuries occur frequently during military training in mountain areas, with the majority being lower limb injuries (Kaufman, Brodine, & Shaffer, 2000) .
To date, there have been various studies on joint kinetics and kinematics during walking on either uphill or downhill slopes (Kuster et al., 1995; Redfern & DiPasquale, 1997; Lay, Hass, & Gregor, 2006; Wannop, Worobets, Ruiz, & Stefanyshyn, 2014) . Previous studies have reported that the kinetic and kinematic parameters of the joints change when walking on a slope; compared with flat walking, walking on an uphill slope produces a greater anterior ground reaction force (GRF) and greater plantar flexion moment and dorsiflexion angle in the ankle during the late stance phase, in order to secure enough space for the heel to land and to pull the body up the slope (Lay et al., 2006; Redfern & DiPasquale, 1997) . Walking on a downhill slope produces a greater posterior GRF and extension moment of the knee, in order to balance the body as it gets lower (Lay et al., 2006; Kuster et al., 1995; Redfern & DiPasquale, 1997) . Meanwhile, Sheehan and Gottschall (2011) studied spatiotemporal gait parameters when changing terrain from flat to stairs or vice versa, and found that the shape of the terrain on the next step altered spatiotemporal gait parameters, thereby influencing the Actual mountainous terrain does not consist of only downhill or only uphill slopes, but rather a mixture of the two. To date, however, kinetic and kinematic data have only been reported separately for downhill and uphill slopes at different angles, and there has been almost no analysis of gait on combined uphill and downhill slopes (V-shaped combined slopes). As a change in terrain causes the gait strategy to change as well, and, as seen in the study by Sheehan and Gottschall (2011) , joint kinetics and kinematics, including spatiotemporal gait parameters, change according to the shape of terrain for the next step, different gait characteristics can be predicted when going from a downhill to an uphill slope compared with continued downhill walking. Therefore, this study aimed to examine knee and ankle joint kinetics and kinematics, as a measure of gait characteristics, on a valley-shaped slope combining uphill and downhill regions, intended to simulate rough, mountainous terrain in a laboratory environment. These results were then compared with downhill walking. We hypothesized that, relative to downhill walking, combined slope walking would show increased peak knee flexion angle, peak knee extension moment, peak ankle dorsiflexion angle, peak ankle plantar flexion moment, and anterior GRF.
METHODS

Research subjects
The subjects for this study consisted of 18 healthy, adult, Korean men (age: 22.8 ± 2.5 years, height: 173.8 ± 3.4 cm, weight: 66.5 ± 5.3 kg, BMI: 22.0 ± 1.9 kg/m 2 ). Individuals with a history of musculoskeletal disease or signs of such a disease were excluded from this study. Prior to the experiment, the study was assessed by the Sogang University Ethical Review Board, and consent was obtained from all subjects.
Experimental procedure
A three-dimensional movement analysis system consisting of 8 infrared cameras (Eagle; Motion Analysis Inc., Santa Rosa, CA, USA) was used to measure gait movements on the valley-shaped slope at a sampling rate of 200 Hz, and to obtain kinetic and kinematic data for the lower limb. Reflective markers, 12.5 mm in diameter, were affixed to the following anatomical positions: the anterior superior iliac spines, sacrum, greater trochanter, midpoint of femur, medial and lateral epicondyles of the femur, medial and lateral plateau of tibia, midpoint of the tibia, medial and lateral malleolus, calcaneus, and the first and fifth metatarsal heads. All subjects wore shoes; in order to measure foot movements precisely, holes were made in the shoes and the reflective markers were affixed directly to the foot at key locations (medial and lateral malleolus, calcaneus, and the first and fifth metatarsal heads). A force plate (9260AA6; Kistler, Winterthur, Switzerland) was synchronized with the movement analysis system and inserted beneath the slope, taking measurements at a sampling rate of 1,200 Hz.
We manufactured a 15° downhill slope and a combined slope, consisting of a 15° downhill followed by an uphill slope ( Figure 1 ). Before starting the experiment, the subjects practiced walking on the slopes several times at a comfortable pace, in order to become familiar with the movements. When walking on the slopes, all subjects stepped on the force plate with their dominant foot, and data were only analyzed when the whole foot made contact with the force plate.
Data analysis
A single gait cycle was defined as a period from one heel strike to the next heel strike of the same foot. Heel strike was defined as the time when vertical GRF exceeded 20 N. Noise was removed from the kinetic and kinematic data using a 4 th order Butterworth low-pass filter with a cut-off frequency of 10 Hz. In order to calculate movements of the joints, anatomical coordinate systems were defined for segments of the body other than the foot, using the method proposed by Dyrby and Andriacchi (2004) . The coordinate system for the foot was defined using a new method proposed by Hong and Shin (2015) . The superoinferior axis of the foot coordinate system was defined as a vector passing through the calcaneus, perpendicular to the plane containing the calcaneus and the first and fifth metatarsals. The mediolateral axis was the cross product of the superoinferior axis and the vector joining the calcaneus and the midpoint of the medial and lateral malleoli. The anteroposterior axis was the cross product of the mediolateral and superoinferior axes. Here, the coordinates for GRF were oriented such that the superior direction was +Z, the anterior direction was +Y, and the cross product of the +Z and +Y axes was +X. The local coordinate system was defined so that, for the right foot, the inferior direction was +Z, the anterior direction was +Y, and the medial direction was +X.
Joint moment was calculated by obtaining an inverse dynamic solution via the Newton-Euler equations (Winter, Patla, Frank, & Walt, 1990 ). The 
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Statistical analysis
To identify differences in gait characteristics between downhill walking and valley-shaped slope walking, MATLAB (Version R2014b, The Mathworks, Natick, MA, USA) was used to perform two-tailed paired-sample t-tests (significance level = 0.05) to compare kinetic and kinematic data from the joints of the lower limb during the two different conditions.
RESULTS
When walking on the valley-shaped slope, the walking speed was There was no difference in mediolateral GRF between valley-shaped slope walking and downhill walking. Although there was no difference in posterior GRF between the two types of slope in the first half of the stance phase, valley-shaped slope walking showed a greater anterior GRF than did downhill walking immediately before toe-off (p = 0.001, Figure 3) . Vertical GRF showed a statistically significant increase of 7% and 16%, respectively, in the first half and second half of the stance phase for valley-shaped slope walking, compared with downhill Swing ( sion moment, ankle dorsiflexion angle, and plantar flexion moment in the second half of the stance phase, as well as a difference in anterior GRF immediately before toe-off. These differences in kinetic and kinematic characteristics demonstrate that subjects selected a different gait strategy for valley-shaped slope walking compared with downhill walking.
In this study, valley-shaped slope walking showed a small knee flexion angle and an extension moment in the second half of the stance phase compared with downhill walking. In a study by Kuster et al. (1995) comparing downhill walking with flat walking, the knee flexion angle was larger in downhill walking, and this was reported to be because the opposite foot needed to land lower down in the swing phase. Conversely, in valley-shaped slope walking, it is thought that the knee flexion angle was smaller because the opposite foot needed to step on elevated terrain immediately after downhill walking. At the ankle, the peak plantar flexion angle was seen in the first half of the stance phase for both types of walking, after which the ankle showed continual dorsiflexion. Here, the angle of dorsiflexion in the second half of the stance phase was smaller for valley-shaped slope walking than for downhill walking, meaning that the ankle ROM was larger for downhill walking.
In previous studies, dorsiflexion ROM of the ankle was an important parameter in predicting overuse injury of the Achilles tendon, and risk of injury was reported in movements with a dorsiflexion angle greater than 9° (Mahieu, Witvrouw, Stevens, Van Tiggelen, & Roget, 2006) . In addition, another study reported that when ankle ROM increases, tension due to sudden eccentric contraction of the gastrocnemius could cause injury (Song, Nakazato, & Nakajima, 2004) . Therefore, when continually walking downhill, the increased dorsiflexion ROM of the ankle could increase the risk of injury to the Achilles tendon and gastrocnemius.
Compared with downhill walking, valley-shaped slope walking showed a larger vertical GRF in the second half of the stance phase, and a larger anterior GRF immediately before toe-off. In a study by Gottschall and Kram (2005) comparing GRF when running on slopes, the anterior GRF in the second half of the stance phase was higher for uphill slopes than for flat paths or downhill slopes. Therefore, for valley-shaped slope walking, the larger anterior GRF before toe-off and the larger peak vertical GRF in the second half of stance phase are thought to result from the need for greater thrust, in order to lift the body against gravity to go uphill again after a downhill slope. This differs from downhill walking, where the center of weight continues to move downwards, and there is no need to lift the body. The peak vertical GRF in the first half of the stance phase is affected by knee flexion angle and walking speed, and previous studies have shown that an increase in the knee flexion angle led to a decrease in the impact transferred to the head, which is equivalent to the peak vertical GRF in the first half of the stance phase (McMahon, Valiant, & Frederick, 1985) . Meanwhile, when walking speed is increased, the peak vertical GRF in the first half of the stance phase is reported to increase linearly (Nilsson & Thorstensson, 1989; Keller, Weisberger, Ray, Hasan, Shiavi, & Spengler, 1996) . In this study, there was no difference between the two slope types in knee flexion angle in the first half of the stance phase, and so it seemed that a faster walking speed during valley-shaped slope walking must have caused the significant increase in peak vertical GRF. Hreljac, Marshall, and Hume (2000) reported that the vertical GRF in the first half of the stance phase during running was significantly greater for injured athletes than that for healthy athletes, and this parameter was related to overuse injuries, such as Achilles tendon pain and anterior knee pain. Therefore, it is thought that people who have had injuries should be able to reduce the risk of further injury by adjusting walking speed on valleyshaped slopes, to reduce the impact caused by the vertical GRF in the first half of the stance phase.
In the second half of the stance phase, valley-shaped slope walking showed a greater plantar flexion moment in the ankle than in downhill walking. According to previous studies, during the second half of the stance phase in uphill walking, muscle activity in the medial gastrocnemius and soleus increase relative to the tibialis anterior, and this causes an increase in the plantar flexion moment (Lay et al., 2007) .
Moreover, the plantar flexors of the ankle are known to be an important parameter contributing to propulsion (Winter, 1983) . Therefore, during valley-shaped slope walking where the next step is on an uphill slope, it is thought that muscle activity in the gastrocnemius and soleus would have increased in the second half of the stance phase, and that the increased plantar flexion moment is a result of this increased activity in ankle plantar flexors in order to provide propulsion to lift the body.
As this study was conducted on healthy adult men in their 20s, the result cannot be generalized. Gait characteristics vary with age and sex, and so future studies will be required in male and female subjects in different age groups.
CONCLUSION
This study aimed to ascertain gait characteristics on valley-shaped slopes by comparing the knee and ankle kinetics and kinematics during valley-shaped slope walking with downhill walking. Unlike downhill slopes, where the center of weight moves continually downward and there is no need to lift the body, valley-shaped slopes involve walking uphill immediately after a downhill, and so a larger thrust is required to lift the body against gravity. Because of this, it seems that valley-shaped slope walking showed greater anterior GRF, vertical GRF, and ankle plantar flexion moment in the second half of the stance phase. Meanwhile, the large dorsiflexion ROM in the ankle shown by downhill walking in the second half of the stance phase could increase the risk of injury to the Achilles tendon or gastrocnemius.
